Abstract-To controller design and stability analysis for nonlinear Networked Control Systems (NCSs) with timevarying delay, based on the Takagi-Sugeno (T-S) fuzzy model, a controller design scheme was proposed to achieve desired control performance for nonlinear NCSs via state feedback. According to the Lyapunov method, the sufficient condition for the existence of the control law was presented. Simulation results show the proposed methods are effective to make the closed-loop system asymptotically stable for all admissible time delay and can further guarantee the expected performance index for nonlinear NCSs with timevarying delay.
INTRODUCTION
Networked Control Systems (NCSs) have evolved significantly as the computer network technology is being developed rapidly in the last decade [1] [2] [3] [4] [5] [6] . There are many advantages to NCSs, such as reduced system wiring, facilitated system maintenance, and increased systems flexibility. However, due to the insertion of communication channels, this brings many challenging problems such as network-induced delay, data packet dropout, and system uncertainty generated in process of network transmission. These issues are disadvantages to system performance and can make the system unstable.
In recent years, much attention has been attracted to controller design and stability analysis that can handle the time-varying delays of NCSs [3] [4] [5] [6] . The typical approach is to model the NCS as a nonlinear system with timevarying delays [6] . So the stability of an NCS is equivalent to the stability of a nonlinear system with time-varying delays. In these methods, the TakagiSugeno (T-S) fuzzy model [7] is widely applied to solve the control problems of nonlinear NCSs because of its simple structure with local dynamics. Using a convenient convex polytopic transformation, a T-S model can match exactly a bounded nonlinear system in a compact set of the state space [8] . Thus, local dynamics in different state-space regions are represented by many linear models. Therefore, the linear system theory can conveniently be employed to analyze the stability of overall closed-loop system and to design the feedback controller. Currently, some controller design methods based on the linear matrix inequality (LMI) technique are also used for the stability analysis and controller design of the T-S fuzzy system [6] .
Furthermore, for a real control system, it is always necessary to design a controller which not only is stable but also possesses a strong robust performance. One approach to deal with this is the so-called guaranteed cost control method [4] . This addresses the robust performance problem and has the advantage of providing an upper bound on a given performance index, which can guarantee that system performance degradation incurred by uncertainty is less than this upper bound. Many results have appeared on this topic [4, 6, [9] [10] . For NCSs, it is important to design a guaranteed cost controller such that the NCSs are stable and satisfy a performance index. However, how to analyze the stability of nonlinear NCS with time-varying delay is a challenging and interesting topic. The nonlinear NCS can be stabilized under certain assumptions [11] [12] [13] . Some nonlinear investigation results are only for the stability analysis without addressing controller design [14] . Nevertheless, these methods often require some strict assumptions for a system model, so it is difficult for practical applications.
In this paper, we are concerned with the controller design problem for a class of nonlinear NCSs with timevarying delay based on T-S fuzzy model. A controller design scheme is proposed to make the corresponding closed-loop system asymptotically stable for all admissible time delay via state feedback and further guarantee the system performance. In addition, in order to avoid the inherent drawback of a T-S model, in which the number of fuzzy rules increases exponentially with the number of nonlinearities constituting the matched nonlinear system [15] , we combine the merit of switched systems with T-S ones to deal with control problems of nonlinear NCSs [16] . Thus, the resulting switched T-S system inherits some essential features of hybrid systems and maintains all the information and knowledge representation capacity of fuzzy systems [17] . According to the switched fuzzy control method, this paper presented the sufficient condition for the existence of the robust cost control law. The design method of the switching fuzzy law is also proposed via the Lyapunov functions.
The paper is organized as follows. The basic problem formulation of the nonlinear networked control system is given in Section II. The controller design method for NCSs is analyzed in detail in Section III. The sufficient stability conditions and guaranteed cost control law are further discussed in detail. Section IV provides simulation results to demonstrate the effectiveness of the proposed method. Finally, concluding remarks are given in Section V.
II. PROBLEM FORMULATION
Consider the nonlinear networked control system described as follows: 
where i=1,2,…,r is the index number of fuzzy rules, Before giving the controller design method, we make the following reasonable assumptions.
Assumption 1: The sensor is clock-driven. The controller and actuator are event-driven. The clocks among them are synchronized.
Assumption 2: Time-varying network-induced delay is less than one sampling period.
Assumption 3: The signal is single-packet transmission without packet drop. Also, the computational delay is negligible.
Most networked control methodologies use the discrete time formulation [18] . Assuming the node sampling period is T, we can obtain the discrete T-S fuzzy model of nonlinear networked control systems with timevarying delay: According to the modeling process in [1] , (3) can be transformed into the following form with uncertain parameters:
where Di, Ei are known constant matrices of appropriate dimensions, Fi is an unknown matrix function satisfying:
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For any given x(k) and u(k), by using a weightedaverage defuzzifier, product inference and singleton fuzzifier, the local models can be integrated into a global nonlinear model:
where 
III. CONTROLLER DESIGN VIA STATE FEEDBACK
In this section, the guaranteed cost control via state feedback will be designed according to (3) . We assume that switched fuzzy controller is constituted with N switching rules. The th   sub-fuzzy controller is:
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When the controlled system is in th   switched subsystem, the global fuzzy equation is as follow:
The switched law that is determined by 12 , , , and
xt  . This switching law can be completely described by the following function:
Before giving the sufficient condition for the existence of the robust guaranteed cost control law, we introduce the following lemmas.
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For the networked control systems (3), we lead the performance index as follows: )) ( ) ( ) ( 1) ( 1) (12) , the following matrix inequalities (13) hold when i = j,
Seen from the definition of ( 
where
Therefore, system (3) is global asymptotically stable under the guaranteed cost controller (8) and the switching law (11) .
Taking into account (14) , for all admissible uncertainties we can infer that as follows:
The above inequality (15) is added up together in the case that k is 0 ,1,2…∞, according to the stability of the system, then
The theorem is proved.
IV. SIMULATION EXAMPLE
Consider the nonlinear system with the following differential equation [21] 
 is used to avoid system matrices being singular. The sampling period T=0.3s, then the discrete model of the system is: ( ) ( ) , ( ) ( )
The membership functions of "about 0" and "about π or −π" are selected as shown in Fig. 1 .
Suppose the switched fuzzy feed-back controllers are the following fuzzy controllers: . Fig. 2 and Fig. 3 denote the system state trajectories that only use fuzzy controller 1 and fuzzy controller 2. Fig.4 denotes the system state trajectories that use switched fuzzy controller. These trajectories indicate that nonlinear networked control system is asymptotically stable and satisfies the performance index via the designed guaranteed cost controller and the switched law, and the performance that using switching fuzzy controller is better than using the fuzzy controller. In this paper, based on T-S fuzzy model, we have presented a novel controller design scheme for a class of nonlinear NCSs with time-varying delay to achieve desired control performance via state feedback. The sufficient condition for the existence of the control law was built via Lyapunov function method. Simulation results have confirmed that the proposed approaches are effective to make the closed-loop system asymptotically stable for all admissible time delay and can further guarantee the expected performance index.
